This study examined the effects of three different cellular stresses on oocyte maturation in meiotically arrested mouse oocytes. Cumulus-cell enclosed oocytes (CEO) or denuded oocytes (DO) from immature, eCG-primed mice were cultured for 17-18 h in dbcAMP-containing medium plus increasing concentrations of the metabolic poison, sodium arsenite, or the free radical-generating agent, menadione. Alternatively, oocytes were exposed to osmotic stress by pulsing with sorbitol and returned to control inhibitory conditions for the duration of culture. Arsenite and menadione each dose-dependently induced germinal vesicle breakdown (GVB) in both DO and CEO. DO, but not CEO, pulsed for 60 min with 500 mM sorbitol were stimulated to resume maturation. The lack of effect in CEO suggests that the cumulus cells may be playing a protective role in osmotic stress-induced GVB. The AMP-activated protein kinase (PRKA; formerly known as AMPK) inhibitors, compound C and araA, completely blocked the meiosis-stimulating effects of all the tested stresses. Western blots showed that acetyl-CoA carboxylase, an important substrate of PRKA, was phosphorylated before GVB, supporting a role for PRKA in stress-induced maturation. Together, these data show that a variety of stresses stimulate GVB in meiotically arrested mouse oocytes in vitro and suggest that this effect is mediated through activation of PRKA.
INTRODUCTION
In vivo, fully grown mammalian oocytes are maintained in the diplotene stage of the first meiotic prophase and are characterized by a large nucleus, termed the germinal vesicle (GV). These GV-stage oocytes are maintained in meiotic arrest until stimulated by the preovulatory gonadotropin surge to undergo GV breakdown (GVB). Meiosis progresses through anaphase I and polar-body extrusion to reach metaphase II, the stage at which the oocyte is ovulated and fertilized. Removal of the oocyte from the follicle and its culture in vitro allows maturation to occur spontaneously in the absence of hormonal stimulation.
The regulation of meiotic maturation is not well understood and remains an active area of research. It is firmly established that cAMP maintains the oocyte in meiotic arrest and that the reinitiation of meiosis is subsequent to a drop in oocyte cAMP levels [1] . High concentrations of cAMP activate cAMPdependent protein kinase A (PRKACA; formerly known as PKA), important in the regulation of oocyte meiotic arrest through its substrate phosphorylation and sequestration of critical regulatory effectors [2] . The cAMP may be transferred from the granulosa cells to the oocyte through gap junctions that interconnect these two cell types. It has been proposed that, through phosphorylation of connexin proteins, the gap junctional communication is broken and the subsequent decrease in oocyte cAMP levels terminates meiotic arrest [1, 3] . Alternatively, it has been proposed that GVB is triggered by a positive signal, generated within the somatic compartment that reaches the oocyte through the gap-junction pathway or following secretion and diffusion [4, 5] .
Phosphodiesterase (PDE) is an enzyme that hydrolyzes cAMP and inactivates PRKACA and has been shown to be indispensable for meiotic resumption [2, 6, 7] . Loss of PRKACA activity would satisfy the first model of meiotic resumption. However, it is possible that, in addition to removing an inhibitory influence, PDE generates a positive signal for oocyte maturation. The end product of PDE action, 5 0 -AMP, is a potent allosteric activator of an important stressresponse kinase, AMP-activated protein kinase (PRKA; formerly known as AMPK). PRKA acts as a cellular fuel gauge of the cell and its activity is regulated by the AMP/ATP ratio [8] . When a cell is exposed to stressful conditions, stimulation of PRKA turns off energy-consuming processes and turns on those that generate ATP [9, 10] . PRKA is present in mouse oocytes, and AICAR, a pharmacological activator of PRKA, stimulates GVB in meiotically arrested oocytes [11] . In addition, other means of exposing the oocyte to higher levels of PRKA activation, including injection of active PRKA into the oocyte, also causes the resumption of meiotic maturation (unpublished data). It is possible that turning on PRKA, by a decrease in cAMP and coincident increase in AMP, could mediate mouse oocyte meiotic resumption in vitro [11] .
Physiological and pathophysiological stimuli that increase the AMP/ATP ratio within cells have been demonstrated to activate PRKA and include muscle contraction, heat shock, metabolic stresses and poisons, ischemia, and osmotic and oxidative stress [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Considering the evidence that PRKA has a strong link to meiotic maturation in mouse oocytes, we tested the ability of three of these stresses to 1) elicit GVB in prophase I-arrested oocytes and 2) activate PRKA before GVB. We report that each of the three different stress treatments stimulates PRKA in GV-stage oocytes and induces meiotic resumption, lending further evidence that PRKA is a potent meiosis-inducing kinase in mouse oocytes.
MATERIALS AND METHODS

Oocyte Isolation and Culture Conditions
Animals were raised in the research colony of the principal investigator (S.M.D.), and all experiments were carried out with the prior approval of the Marquette University Institutional Animal Care and Use Committee.
Immature C57BL6/J 3 SJL/J F1 female mice, 19 to 23 days old, were used for all experiments. Mice were primed with 5 IU equine chorionic gonadotropin (NIH) and killed by cervical dislocation 2 days later. Ovaries were removed, placed in culture medium, and large antral follicles were pierced with sterile needles. Oocyte-cumulus cell complexes (OCC) were collected, washed through several changes of fresh isolation medium, and transferred in a small volume to plastic culture tubes (Falcon 2058) or stoppered borosilicate glass tubes containing 1 ml of the appropriate test medium. Denuded oocytes (DO) were prepared by repeated pipetting with a Pasteur pipette and were cultured alone without cumulus cells present. Cumulus cell-enclosed oocytes (CEO) are defined as cumulus-free oocytes obtained by removal of cumulus cells after culture as OCC. Culture tubes were gassed with a humidified mixture of 5% O 2 , 5% CO 2 , and 90% N 2 before placement in a water bath at 378C, unless stated differently. The medium used was Eagle minimum essential medium supplemented with 0.23 mM pyruvate, penicillin, streptomycin sulfate, and 3 mg/ml crystallized lyophilized bovine serum albumin (ICN ImmunoBiologicals, Lisle, IL).
Stress Treatments
To determine if stresses that have been reported to activate PRKA in other cells lines can also activate the kinase in oocytes, the following three stresses were chosen: 1) metabolic stress by arsenite suppression of the tricarboxylic acid cycle, 2) oxidative stress through menadione-stimulated free radical formation, and 3) hyperosmotic stress caused by pulsing with high concentrations of sorbitol. For experiments involving the inhibitors, compound C and araA, oocytes were pretreated with inhibitors for 30 min before administration of the stress. The poststress culture period for maturation experiments was 17-18 h, while that for Western blot analysis was 1 h. Control groups not receiving inhibitor were cultured for an equivalent period.
Western Blot Analysis
DO were washed and collected in a small volume and added to an equal volume of 23 Laemmli buffer containing 20% beta-mercaptoethanol. Samples were placed in a 500-ll microfuge tube, heated at 1008C for 5 min, and stored at À808C until used for Western blotting. Detection of phospho-acetyl-CoA carboxylase (ACACA; formerly known as ACC) was determined by running samples (350 GV-stage DO) on a 3-8% tris-acetate minigel (Invitrogen). Following electrophoresis, proteins were transferred to a nitrocellulose membrane (Bioscience). Membranes were blocked for 1 h with 5% nonfat dry milk in Tris-buffered saline (TBS) and again washed for 10-15 min with TBS, then TBS-Tween 20. They were then immunoblotted overnight at 48C with rabbit anti-phospho-ACACA antibody at a 1:250 dilution (Upstate). After blocking for 2 h in 5% nonfat dry milk in TBS (pH 7.3-7.4) at room temperature, the blots were washed and exposed to HRP-conjugated donkey anti-rabbit antiserum (Pierce Biotechnologies) (1:2000) for 1 h. Protein was detected using west pico super signal from Pierce Biotechnology (Rockford, IL). Blots were reprobed according to the procedure above using sheep anti-ACACA antibody (1:2000) as the primary antibody. Anti-ACACA antibody was generously provided by Dr. Graham Hardie from Dundee University, Dundee, Scotland.
Chemicals
All culture components, dbcAMP, araA, sorbitol, arsenite, and menadione were obtained from Sigma Chemical Co. (St. Louis, MO). Compound C was a gift from Merck & Co., Inc. (Rahway, NJ).
Statistical Analysis
All oocyte maturation experiments were repeated at least three times with at least 30 oocytes per group per experiment. Viability was maintained at a minimum of 93% for the duration of the culture [23] . Maturation data are presented as mean percent GVB 6 SEM. Oocyte maturation frequencies were subjected to arcsine transformation and analyzed statistically by ANOVA followed by Duncan multiple range test. For all statistical analyses, a P-value less than 0.05 was considered significant.
RESULTS
Arsenite
Dose response and time course of meiotic maturation. To test for a meiosis-inducing effect of arsenite, denuded and cumulus cell-enclosed mouse oocytes were cultured for 17-18 h in 300 lM dbcAMP plus increasing concentrations of sodium arsenite. While control oocytes in dbcAMP alone resumed maturation at a frequency of 13% and 15% in DO and CEO, respectively (Fig. 1A) , arsenite dose dependently stimulated maturation, with greater potency in CEO. At the optimal dose of arsenite (10 lM), GVB was increased by 46% in DO and 73% in CEO. All of the control oocytes undergoing maturation progressed to metaphase II, but polar-body formation in arsenite-treated oocytes was reduced by over 75% (data not presented) despite significant stimulation of GVB.
To determine the time course of arsenite-induced maturation, DO were cultured in medium containing 300 lM dbcAMP plus or minus 10 lM arsenite, and maturation was assessed at 6, 8, and 10 h of culture. In the absence of arsenite, maturation percentages remained low for the duration of the culture, increasing only 6% from 24% GVB at 6 h to 30% GVB after 10 h. In contrast, GVB induction was initiated after 6 h of arsenite treatment, and 73% of the oocytes had resumed maturation by 10 h. (Fig. 1B) .
Effects of PRKA inhibitors on oocyte maturation and Western blot analysis of stress-induced ACACA phosphorylation. An experiment was performed to determine the effect of the PRKA inhibitor, compound C, on arsenite-induced maturation in dbcAMP-arrested DO. As seen in Figure 1C , arsenite produced a 53% increase in GVB, and all concentrations of compound C completely blocked meiotic induction. Another PRKA inhibitor, araA, was examined. Again, the increase in GVB produced by arsenite was completely blocked by 250 lM araA.
Because the above experiments implicated PRKA in arsenite-induced GVB, Western blot analysis was carried out using an antibody specific for phosphorylated acetyl-CoA carboxylase (ACACA-P) to determine if PRKA was activated before GVB. The phosphorylation state of ACACA is often used to assess activation or PRKA because PRKA is the upstream kinase for this substrate [24] . Extracts were prepared from GV-stage DO cultured 1 h with or without 10 lM arsenite, and AICAR-treated oocytes served as a positive control. Immunoblots showed that ACACA became phosphorylated by arsenite treatment within 1 h of culture (Fig. 1D) , but that the phosphorylation was less than that achieved with AICAR treatment.
Menadione
Dose response and time course of meiotic maturation. To determine if menadione could stimulate oocyte maturation, DO and CEO were cultured for 17-18 h in 300 lM dbcAMP plus increasing concentrations of menadione. GVB was dose dependently stimulated in both DO and CEO, with maximal induction of 34% and 66%, respectively ( Fig. 2A) , but there was no effect of menadione on polar-body formation (data not presented). We have also achieved comparable meiotic induction with the oxidants hydrogen peroxide and diamide (data not presented).
A time-course experiment was performed to determine when meiotic resumption was initiated in menadione-treated oocytes. Meiotic induction increased slowly between 5 and 11 h of culture (11-30%), but showed a more dramatic increase (75%) by 19 h (Fig. 2B) .
Effects of PRKA inhibitors on oocyte maturation and Western blot analysis of stress-induced ACACA phosphorylation. To determine a possible role for PRKA in menadionestimulated maturation, dbcAMP-arrested DO were exposed to menadione and treated with increasing concentrations of compound C. Oocytes treated with dbcAMP alone maintained a 25% rate of maturation, and the addition of menadione 586 LAROSA AND DOWNS increased the percentage to 64% GVB (Fig. 2C ). All concentrations of compound C completely blocked the meiosis-stimulating effects of menadione. The PRKA inhibitor, araA, was used to further examine the effect of PRKA inhibition on oocyte maturation. Figure 2C shows that the menadione-induced increase in maturation (40%) was completely blocked with 500 lM araA. AraA at a concentration of 250 lM was ineffective (data not presented).
To determine if PRKA activation precedes menadioneinduced GVB, Western analysis using the anti-phospho-ACACA antibody was performed. As seen in Figure 2D , ACACA phosphorylation was increased by menadione in GVstage oocytes after 1 h, but less than that seen in AICARtreated oocytes.
Sorbitol
Dose response and time course of meiotic maturation. To determine if osmotic stress could induce maturation in meiotically arrested oocytes, dbcAMP-arrested DO were FIG. 1. Effects of arsenite on meiotic maturation and the involvement of PRKA in arsenite-induced maturation. A) DO and CEO were cultured in 300 lM dbcAMP with increasing concentrations of sodium arsenite. GVB was assessed after 17-18 h. CEO and DO were analyzed separately for statistical differences. Within each category, groups with a different letter are significantly different. B
FIG. 2.
Effects of menadione on meiotic maturation and the involvement of PRKA in menadione-induced maturation. A) DO and CEO were cultured in 300 lM dbcAMP with increasing concentrations of menadione (Men). GVB was assessed after 17-18 h. CEO and DO were analyzed separately for statistical differences. Within each category, groups with a common letter are not significantly different. B) DO were cultured in 300 lM dbcAMP plus or minus 5 lM menadione and maturation was assessed at the indicated time points. Groups with a common letter are not significantly different. C) Inhibition of PRKA. The 500 lM araA and increasing concentrations of compound C completely blocked menadione-induced maturation in dbcAMP-arrested DO, cultured 17-18 h. Within each treatment set, groups with a different letter are significantly different. D) Western analysis of ACACA phosphorylation. DO were cultured for 1 h in medium containing 300 lM dbcAMP plus or minus 5lM menadione or 250 lM AICAR.
STRESS-INDUCED OOCYTE MATURATION
pulsed with 250 or 500 mM sorbitol for increasing periods of time up to 60 min, then washed and returned to dbcAMPcontaining medium for 17-18 h before assessment of GVB. Pulsing with sorbitol was carried out because continuous exposure at these concentrations is toxic to the oocytes. The control group was also washed after 60 min to eliminate any possible concern that a stimulating effect is due to washing. As shown in Figure 3A , a 45-and 60-min pulse of 500 mM sorbitol in DO significantly stimulated the resumption of meiosis by 23% and 27%, respectively. Interestingly, meiotic resumption was not triggered in CEO pulsed for 60 min in 500 mM sorbitol (data not shown). There was no effect of sorbitol on polar-body formation (data not shown) despite significant stimulation of GVB.
A time-course experiment determined that dbcAMParrested DO pulsed for 60 min with 500 mM sorbitol were induced to resume maturation after 5 h of culture (Fig. 3B) . By 11 h, this stimulation had plateaued at about 25% above control.
Effects of PRKA inhibitors on oocyte maturation and Western blot analysis of stress-induced ACACA phosphorylation. To determine the effect of compound C on sorbitolinduced maturation, dbcAMP-arrested DO treated with a 60-min pulse of sorbitol were exposed to increasing concentrations of compound C. As seen in Figure 3C , oocytes cultured in dbcAMP alone exhibited 18% GVB, and the pulse of sorbitol increased this maturation frequency to 51%. All concentrations of compound C completely blocked the meiosis-stimulating effects of sorbitol. AraA at 250 lM also completely blocked sorbitol-induced GVB, dropping the maturation percentage from 44% to 17% compared with 13% in the control.
Western blot analysis using anti-phospho-ACACA antibody revealed that a 60-min pulse of sorbitol stimulated the phosphorylation of ACACA in GV-stage DO, but to a lesser extent than in AICAR-treated oocytes (Fig. 3D) . Upon washing out the sorbitol and culturing for an additional 60 min, the ACACA-P band was still evident in GV-stage DO (data not presented).
AICAR Pulsing
To determine if a transient exposure to AICAR could induce maturation, dbcAMP-arrested DO were pulsed for 20, 40, or 60 min with 250 lM AICAR, washed, and cultured 17-18 h in control medium. Assessment of GVB showed that a 60-min pulse with AICAR resulted in a maturation percentage comparable with the group continuously exposed to AICAR (74% and 85% GVB, respectively; Figure 4A ).
To test whether this transient increase in PRKA activation affects the rate of meiotic resumption, dbcAMP-arrested DO were pulsed for 0.5, 1, 1.5, or 2 h with 250 lM AICAR, washed, and placed into dbcAMP-containing control medium for a total of 4 h. As seen in Figure 4B , a continuous 4-h exposure to AICAR resulted in a 68% increase in maturation. Pulses of AICAR for 0.5 or 1 h had no effect on meiotic resumption, but increases in GVB were observed after 1.5-and 2-h pulses. Thus, a pulse of 1 h required more than 4 h to elicit a meiotic response. These results indicate that short-term activation of PRKA is able to induce maturation, but with slower kinetics than continuous activation.
DISCUSSION
This study has shown that exposing dbcAMP-arrested oocytes to metabolic, oxidative, or osmotic stress triggers the resumption of meiosis. In addition, activation of PRKA (AMPK) before GVB and the suppression of stress-induced maturation by compound C and araA implicate PRKA in the meiotic induction observed.
We have previously reported that a pharmacological activator of PRKA, AICAR, stimulates both PRKA activation and GVB in meiotically arrested mouse oocytes [11] . In addition, recent experiments demonstrated a causal role for   FIG. 3 . Effects of sorbitol on meiotic maturation and the involvement of PRKA in sorbitol-induced maturation. A) DO were pulsed in 300 lM dbcAMP with 250 or 500 mM sorbitol for increasing time points, washed, and put into control medium. GVB was assessed after 17-18 h. CEO and DO were analyzed separately for statistical differences. Groups with an asterisk are significantly different from the control group not exposed to sorbitol. B) DO were pulsed for 60 min in 300 lM dbcAMP plus or minus 500 mM sorbitol, washed, and maturation was assessed at the indicated time points. Groups with a different letter are significantly different. C) Inhibition of PRKA. The 250 lM araA and increasing concentrations of compound C completely blocked menadione-induced maturation in dbcAMP-arrested DO. After a 60-min pulse with sorbitol, cultures were maintained for 17-18 h before assessment of GVB. Within each treatment set, groups with a different letter are significantly different. D) Western analysis of ACACA phosphorylation. DO were cultured for 1 h in medium containing 300 lM dbcAMP plus or minus 500 mM sorbitol or 250 lM AICAR.
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PRKA in eliciting GVB under a variety of meiosis-inducing conditions (unpublished data). PRKA is a stress response kinase that is activated by numerous stress signals that deplete energy reserves and/or increase the cellular AMP/ATP ratio [14] . It was therefore of interest to test several well-known PRKA-activating stresses for their ability to stimulate PRKA activation and nuclear maturation in meiotically arrested mouse oocytes. Metabolic poisons that uncouple mitochondria and/or block respiration are well-established stimulators of PRKA and include arsenite [25] , sodium azide [19] , and dinitrophenol [26] [27] [28] [29] . PRKA activity is also increased by oxidative stress brought about by oxidizing agents such as menadione [30] or hydrogen peroxide [13, 15, 31, 32] . A similar activation is triggered by osmotic stress when cells are exposed to high levels of sorbitol [19, 20, 33] or mannitol [26, 28] .
Metabolic shock (arsenite), oxidative shock (menadione), and osmotic shock (sorbitol pulse) all triggered meiotic resumption in dbcAMP-arrested DO. These stresses, with the exception of sorbitol, also stimulated maturation in dbcAMParrested CEO. This suggests a protective role for the cumulus cells against osmotic shock, but not the other types of stresses, and may be due to the fact that sorbitol pulsing was the weakest stimulus for maturation. In DO, optimal treatment of arsenite and menadione stimulated maturation above control levels by 46% and 34%, respectively, compared with 26% with sorbitol.
To determine if PRKA activation was a common link among the three stress responses, two types of experiments were carried out-PRKA inhibition and Western blot analysis of ACACA (ACC) phosphorylation. Compound C and araA, PRKA inhibitors [34, 35] , completely blocked the maturation induction brought about by each of the stresses. Moreover, Western blotting showed that, following each stress treatment, ACACA phosphorylation increased before GVB. These data provide strong evidence that PRKA mediates the meiosisinducing action of these stresses.
Stimulation of PRKA in some systems has been shown to increase MAPK1/3 (formerly Erk 2/1) activity [36] [37] [38] . However, we have shown in a previous study that AICAR stimulation of PRKA and meiotic resumption in arrested mouse DO was not accompanied by activation of MAPK1/3 before GVB [39] . Moreover, PD98059 and UO126, inhibitors of MAPK1/3 activation, blocked AICAR-induced oocyte maturation, suggesting an effect of the inhibitors unrelated to MAPK1/3 activity [39] . When tested on stress-treated oocytes, PD98059 completely blocked meiotic induction by all three stresses, and, consistent with earlier results, MAPK1/3 was not stimulated before GVB (unpublished data). Because MAPK1/3 apparently does not participate in the stress-activated pathway(s) leading to meiotic resumption, these results provide further evidence that PD98059 effects are not entirely specific for MAPK1/3. In this light, it is important to point out that Dokladda et al. [40] have recently shown that PD98059 stimulates PRKA activity in HEK293 cells by a MAPK1/3-independent mechanism.
Mouse oocytes use pyruvate as a principle energy source for meiosis [41] , a function apparently mediated by ATP generation via oxidative phosphorylation [42] . The process of meiotic maturation, from GVB to polar-body extrusion and arrest at metaphase II, is accompanied by an increased pyruvate consumption [43] , presumably due to increased demands for ATP. The metabolic poison, arsenite, deprives cells of ATP and leads to serious physiological repercussions. For example, in mouse oocytes and embryos, arsenite treatment causes chromosome abnormalities, increased free radicals, altered DNA repair and methylation patterns, gene amplification, altered cell division, and inhibition of p53 and telomerase [44, 45] . Bovine embryos treated with arsenite responded with increased caspase activity, apoptosis, and compromised development to blastocyst [46] . Treatment of oocytes from a number of different species with metabolic poisons has been shown to prevent GVB [42, 47, 48] . However, in the present study, exposure of mouse oocytes to arsenite stimulated meiotic resumption. We propose that this is due to a drop in the AMP/ATP ratio and subsequent activation of PRKA, with sufficient ATP present to support meiotic resumption. Further support that arsenite was having the desired metabolic effect was indicated by a decrease in polar-body formation, consistent with the need for ATP in maintaining the meiotic spindle [45] and completion of meiosis [43] .
Oxidative stress has been shown to have detrimental effects on germ cells, including loss of meiotic spindle integrity and errors in chromosome segregation [49] [50] [51] , increased apoptosis [52] , and low fertilization and developmental rates [53] . The presence of antioxidants or lowered oxygen levels during oocyte growth and maturation improves developmental   FIG. 4 . Effects of AICAR pulsing on oocyte maturation. A) DO were incubated 17-18 h with 300 lM dbcAMP plus 250 lM AICAR or were first pulsed for 20, 40, or 60 min with 250 lM AICAR, washed, and returned to AICAR-free control medium (17-18 h total) before assessment of GVB. B) DO were incubated 4 h with 300 lM dbcAMP plus or minus 250 lM AICAR or were first pulsed for 30, 60, 90, or 120 min with AICAR, washed, and returned to AICAR-free control medium (4 h total) before assessment of GVB. Within each treatment set, bars with a common letter are not significantly different.
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capacity [54] [55] [56] [57] [58] [59] [60] and prevents the negative effects of gamete aging [50, 61] . Also, elevated levels of reactive oxygen species (ROS) are associated with developmental arrest and apoptosis in preimplantation embryos [62] [63] [64] , and scavenging of oxygen radicals can reverse embryonic blocks observed during in vitro culture [65] [66] [67] . Oocyte maturation is also affected by ROS, although evidence indicates a potential positive, meiosispromoting effect. Studies in rats have demonstrated an inhibitory action of antioxidants on spontaneous maturation [68, 69] . Moreover, intrafollicular levels of ascorbic acid, a natural antioxidant, are rapidly depleted following preovulatory gonadotropin stimulation [70] , and these changes have been implicated in meiotic resumption. In the present study, subjecting oocytes to oxidative stress had a stimulatory effect on meiosis, and high levels of the oxidants were detrimental to oocyte viability and maturation. Thus, a window of stimulation apparently exists whereby lower levels of ROS generation turn on PRKA and induce meiosis reinitiation, while higher levels overwhelm the oocyte, leading to its demise.
Exposure of cells to high solute concentrations is usually harmful to viability, and cells stressed in this way often accumulate organic osmolytes to protect against these conditions [71] . Such molecules help to maintain cell volume by stabilizing ionic strength within the cell. Subjecting mouse embryos to elevated sodium perturbs normal transcription and translation [72, 73] , and osmotic stress in human oocytes results in increased spindle abnormalities [74] . The importance of osmoregulation during oocyte maturation or preimplantation embryo development is well documented, with many studies showing the benefits of reducing inorganic ion concentrations or adding osmolytes, such as taurine, hypotaurine, or betaine to the culture medium [72, [75] [76] [77] [78] [79] [80] . We have previously shown that oocytes from diabetic mice exhibit abnormal meiotic regulation [81, 82] that may be due to metabolic transit of glucose through the sorbitol pathway under hyperglycemic conditions [83] . Nevertheless, while long-term exposure to elevated sorbitol is detrimental to the oocyte, in the present study, short-term pulsing with sorbitol stimulated PRKAmediated meiotic resumption in dbcAMP-arrested oocytes. Interestingly, Yamauchi et al. [84] showed that meiotic induction of porcine oocytes was negatively affected by hyperosmotic conditions but that hypoosmotic conditions accelerated GVB. Thus, osmotic stress dramatically influences oocyte maturation, with a brief stress capable of turning on the meiosis-inducing pathway in a manner that does not compromise the health of the oocyte.
The dbcAMP-arrested DO treated with AICAR exhibit a strong phospho-ACACA immunoblot band within 1 h of culture compared with controls and undergo rapid maturation kinetics, with complete meiotic induction achieved within 4 h [11] . In contrast, the kinetics of maturation in stress-treated oocytes are considerably attenuated, and immunoblots showed less intense ACACA-P bands when compared with the AICAR-treated positive control group. These data suggest that the extent and kinetics of maturation induction are directly related to the level of PRKA activation reached in the oocyte. Moreover, ACACA-P bands were not readily seen in stresstreated oocytes if sampling was carried out after longer culture periods, closer to the time of GVB (data not shown). These observations suggested that a transient pulse of PRKA activity may suffice to exceed the threshold required for meiotic induction.
To test this idea, dbcAMP-arrested oocytes were pulsed with AICAR for varying periods of time and returned to AICAR-free medium for either an overnight (17-18 h) or short-term (4 h) culture period. In the overnight culture, 20-and 40-min pulses resulted in levels of GVB that were not significantly different from controls. However, a 60-min pulse of 250 lM AICAR resulted in a maturation percentage similar to that seen in the continuous exposure group. Yet when oocytes were pulsed with AICAR for 60 min and assessed for maturation 4 h later, there was no significant increase in maturation compared with controls, whereas maturation had already increased by 68% in oocytes continuously exposed to AICAR. Thus, longer culture times were required to obtain high levels of meiotic induction after AICAR pulsing. These data indicate that short pulses of PRKA activity can stimulate GVB, but that such limited activation leads to attenuated maturation kinetics. Consequently, we propose that the three stresses tested in this study stimulate oocyte maturation by activation of PRKA, but that their relative effectiveness is directly related to the intensity and duration of PRKA activity. The lack of increased polar-body formation in menadione-and sorbitol-treated oocytes is likely due to the limited period of time available to complete maturation after the delayed meiotic resumption.
To summarize, these data implicate PRKA in stress-induced maturation and provide further evidence that PRKA within the mouse oocyte can serve as a potent inducer of meiotic maturation. It is therefore prudent to consider the potential meiotic repercussions when exposing oocytes to stressful conditions.
